ABSTRACT: During a 2013 cruise in the Southern Ocean we collected specimens of the octocoral Plumarella delicatissima between 800 and 950 m depth. Five new furanocembranoid diterpenes, keikipukalides A−E (1−5), the known diterpene pukalide aldehyde (6), and the known norditerpenoid ineleganolide (7) were isolated from the coral. These Plumarella terpenes lack mammalian cytotoxicity, while 2−7 display activity against Leishmania donovani between 1.9 and 12 μM. Structure elucidation was facilitated by one-and two-dimensional NMR spectroscopy and mass spectrometry, and keikipukalides A and E were confirmed by X-ray crystallography.
O ctocorals belong to the Cnidarian order Alcyonacea and are prolific sources of bioactive natural products, 1 including neurotoxic venoms used to paralyze vertebrate prey 2 and potent small-molecule toxins that are most often terpenoids. 3 Octocoral diterpenes exhibit potent environmental toxicity, including the protection of coral eggs during annual spawning events, inhibiting fouling by microbes and algae, and ichthyotoxicity, and contribute to the destruction of coral reefs. 4 Biomedical studies have followed such ecological observations and found many of the same diterpenes cytotoxic to mammalian cells, 3 although the most notable biomedical advancement was the introduction of the diterpene pseudopterosin for commercial use in anti-inflammatory and woundhealing applications. 5 Octocorals range in distribution from shallow water coral reefs to the depths of the abyssal plane. Shallow water species dominate the alcyonaceans with nearly 4000 species described in the World Record of Marine Species (WoRMS) database 6 compared to just over 600 (15%) species that are recorded in the Deep Sea Octocorals Online database. 7 Natural product reports from the two groups indicate the deep water species are less studied: roughly 750 alcyonacean compounds are cataloged in MarinLit, 8 but only 28 (3.5%) compounds have been described from 12 deep water species. 9−12 The difficulty of accessing deep sea habitats has clearly hampered research of species hiding there, yet bioactivity profiles of, for example, shagenes 11 and cristaxenicin A, 13 suggest the deep water species are an understudied drug discovery resource. We collected the deep water alcyonacean Plumarella delicatissima from the "Plateau of Fascination", approximately 240 km NE of Stanley, Falkland Islands (Islas Malvinas), in the Southern Ocean. While a Plumarella sp. from the northwest Pacific Ocean near the Kuril Islands was reported to produce the diterpene plumarellide, 14 a rearranged furanocembranoid, our Southern
Ocean species has yielded five new furanocembranoid diterpenes, keikipukalides A−E 15 (1−5) , along with the known diterpene pukalide aldehyde 16 (6) and norditerpenoid ineleganolide 17 (7) . This family of diterpenes displays activity against the leishmaniasis parasite, Leishmania donovani, ranging from 1.9 to 12 μM with no corresponding mammalian cytotoxicity below 50 μM.
■ RESULTS AND DISCUSSION
P. delicatissima was abundant on the Plateau of Fascination (S 50°8.453′ W 55°28.106′) near the Falkland Islands in the Southern Ocean. The specimens were collected in April 2013 from 800 to 950 m depth, immediately frozen, and stored for chemical analyses. Frozen coral was subsequently freeze-dried and extracted using a Soxhlet apparatus with refluxing CH 2 Cl 2 . The 1 H NMR spectrum of the organic extract contained signals indicative of terpenes; therefore it was dried onto silica gel and fractionated by normal-phase MPLC. Normal-phase semipreparative HPLC was used for the initial purification, although some metabolites required an additional purification step using reversed-phase analytical HPLC, yielding keikipukalides A (1) (12 mg), B (2) (5 mg), C (3) (3 mg), D (4) (18 mg), and E (5) (48 mg), pukalide aldehyde (6) (4 mg), and ineleganolide (7) (3 mg).
Keikipukalide A (1) was isolated as a crystalline solid that analyzed for C 20 H 20 O 6 by high-resolution EIMS. The 1 H and 13 C NMR data (Table 1) corroborated the proton and carbon counts established by EIMS and further identified aldehyde, ester, and four olefinic functional groups, accounting for six of keikipukalide A's 11 unsaturations, making it a five-ring structure. The HMBC spectrum facilitated locating the aldehyde group on an olefin ( Figure 1 ), with correlations of δ H 9.89 (H-18) to δ C 105.6 (C-5) and 124.3 (C-4). A singlet proton, δ H 6.47, correlating by HSQC to C-5, extended the spin system by observation of HMBC correlations to two additional olefinic carbons at δ C 149.2 (C-6) and 162.2 (C-3). H-5 also displayed a long-range COSY correlation to an oxymethine singlet at δ H 4.01 (H-7) that could be shown to be part of a trisubstituted oxirane based on its chemical shift and that of the adjacent carbon, C-8, δ C 56.9. HMBC correlations of H 3 -19 (δ H 1.23 singlet) and H 2 -9 established their position around the oxirane group, at C-7 (δ C 54.6) and C-8, respectively. Further, a butenolide, characterized by HMBC correlations of H-11 (δ H 4.09) to oxymethines C-10 (δ C 75.3) and C-12 (δ C 58.0), and a lactone-type carbonyl, C-20 (δ C 169.0), joined the trisubstituted oxirane at C-9 based on HMBC correlations of H-9a (δ H 2.09) to C-10 and C-11. Extending the system, an olefinic proton, δ H 5.14 on C-13 (δ C 115.6), displayed an HMBC correlation to C-20, anchoring the butenolide to a C 4 substituent established by COSY as the C-13 to C-2 segment of keikipukalide A. HMBC correlations of C-2 (δ C 31.0) to C-3 and C-4 formulated a C 14 -macrocycle. An isopropylene substituent at C-1 (δ C 47.1) was established by HMBC correlations among C-15, -16, and -17 (δ C 143.5, 113.6, and 23.2, respectively) and by correlation of their respective protons (δ H 4.56 and 4.97 (H 2 -16) and 1.70 (H 3 -17)) back to C-1. Two unsaturations remained, and two oxygen atoms were unaccounted. Chemical shifts of C-3 to C-6 are well suited to assignment as a trisubstituted furan, as are C-11 and -12 suited to an oxirane, establishing the furanocembranoid planar structure (Figure 1 ) of keikipukalide A.
Stereochemical evaluation of keikipukalide A suffered from the flexibility of the macrocycle but was informed by throughbond or through-space correlations near rigid portions of the cycle. That H-10 and H-11 lack coupling established a 90°, trans, relationship between them and fixes the epoxide oxygen and C-10 substituent on opposite faces of the butenolide, as previously seen with pukalide and its derivatives. 18 The C-13/ C-14 olefin could similarly be defined as trans based on the large 3 J 13,14 coupling (16.3 Hz). The proximities of substituents around the C-7/C-8 oxirane are suited to NOE analysis, which demonstrated H-9a and H-7 to occupy the same face of the three-membered ring, defining a trans-epoxide. However, the relationship among the disparate centers required X-ray analysis for definitive assignment, and keikipukalide A (1) Table  S2 )) assigned the configuration depicted in Figure 2 as the absolute configuration of keikipukalide A.
Keikipukalide B (2) was isolated as an oil with a formula of C 24 H NMR spectrum that deviated from that of keikipukalide A (1) was the presence of two acetate methyl resonances (δ H 2.11 and 2.12). However, the entire northern portion, from C-1 to C-10, was established by analysis of COSY and HMBC spectra ( Figure 3 ) to match that of keikipukalide A. That the keikipukalide B C-11 was not part of an oxirane, as found in 1, was established not only by the chemical shift (δ C 72.9) but by a correlation of H-11 (δ H 5.65) to an acetoxy carbonyl (δ C 170.6). The butenolide was found to bear, in addition to the C-11 acetoxy group, an exocyclic olefin at C-12 based on H-11 correlations in the HMBC spectrum to two olefinic carbons, a quaternary carbon at δ C 127.4 (C-12) and a methine at δ C 145.6 (C-13). COSY and HMBC both extended the macrocycle from C-13 back to C-1 via an oxymethine at δ C 70.6 (C-14), which, like C-11, displayed an HMBC correlation to an acetoxy carbonyl (δ C 169.4), defining the position of the second acetate group and completing the planar structure of keikipukalide B.
The stereochemical assignment of keikipukalide B (2) is informed by comparison to chemical shifts and coupling constants of keikipukalide A (1). The C-7/C-8 epoxide bears the same configuration in 1 and 2, based not only on the close correspondence of both the 1 H and 13 C chemical shifts but also on a NOESY correlation in both between H-9b and H 3 -19. Both 1 and 2, like pukalide, 18 lack coupling between H-10 and H-11, indicative of the 90°dihedral angle between them. The configuration of the Δ 12 olefin was assigned as Z based on observation of a NOESY correlation between H-11 and H-13, analogous to that observed in the assignment of the same partial structure in an unnamed furanocembranoid from Sinularia polydactyla.
18
The C-1/C-14 relationship in keikipukalide B (2) was established taking account of both NOESY and J coupling data. With the X-ray conformation of keikipukalide A (1) (Figure 2 ) as a starting point, modifying the conformation to introduce the functionalization of keikipukalide B yields a new MM2-minimized conformation (Figure 4 ) that agrees with observed spectroscopic data, including proximity of H-11/H-13 and H-14/H 2 -2 that would result in nuclear Overhauser enhancement, and a dihedral angle between H-1 and H-14 resulting in negligible coupling ( keikipukalide A (1) than any of the other keikipukalides, with proton and carbon shifts, COSY correlations, and HMBC correlations establishing structural identity except for C-7 and C-8 ( Figure 3 ). Keikipukalide D, therefore, differs from keikipukalide A by the presence of an acetoxy function and concomitant addition of acetic acid to the molecular formula. For oxymethine C-7 (δ C 75.4; δ H 5.71), the deshielded shifts are indicative of epoxide ring-opening, relative to 1, and C-8 (δ C 74.3) matched the effect, reflective of a diol-type arrangement of C-7 and C-8. H-7 displayed an HMBC correlation to an ester-type carbon (δ C 169.0), identifying the location of the acetate group and securing the planar structure depicted in 4. The configuration of 4 could be derived from comparison of NOESY correlations to those observed for 1. As suggested by the X-ray structure of keikipukalide A, the proximity of H-11 to H 3 -19 facilitated NOESY correlation between the two, and the same correlation, albeit weaker, could be observed in keikipukalide D. Further, H 3 -19 in keikipukalide D demonstrated a NOESY correlation to H-7, while H 2 -9 did not, placing H-7, H-11, and H 3 -19 on the same face of the macrocycle.
Crystalline keikipukalide E (5) analyzed for C 22 H 24 O 7 by HRESIMS, making 5 isomeric with keikipukalide C (3). COSY and HMBC NMR spectra established a macrolide skeleton (Figure 3 ) matching pukalide aldehyde, 19 but identified position C-13 (δ C 68.6; δ H 5.85) as an oxymethine rather than the methylene group found in pukalide aldehyde. Crystals of keikipukalide E were submitted to X-ray diffraction studies, resulting in full stereochemical assignment ( Figure 5 (Table S4) ) facilitated assignment of the absolute configuration of keikipukalide E as shown.
The seven terpenoids isolated from P. delicatissima were evaluated against a number of infectious disease targets.
Leishmania donovani was quite sensitive, displaying an IC 50 of 1.9−12 μM for compounds 2−7 (Table 4) in the infected macrophage assay, compared to the IC 50 of 6.2 for miltefosine, a drug currently used for the treatment of leishmaniasis. No mammalian cytotoxicity was detected in the compounds below 50 μM. However, testing against a number of other infectious diseases, including Naegleria fowleri, the ESKAPE 20 panel of drug-resistant bacteria, and Clostridium dif f icile, found none of these pathogens susceptible to the compounds. Although this seeming specificity for L. donovani is promising for this scaffold, most of these compounds contain the neurotoxic pharmacophore of lophotoxin, 16 which may prove to be a liability. Plumarella belongs in the family Primnoidae (suborder Calcaxonia), while nearly all similar furanocembranoid scaffolds have been reported from the Alcyoniidae or Gorgoniidae (suborder Alcyoniina or Holaxonia, respectively). However, briarane diterpenes have been isolated from Ellisellidae, which, like the Primnoidae, is in the suborder Calcaxonia. Octocoral phylogeny is in a state of flux after the integration of molecular data, and further investigations into the origin of these (6) 1.9 >50 ineleganolide (7) 4.4 >50 miltefosine (control) 6.2 not determined a The > symbol indicates the sample was inactive at the highest concentration tested.
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Article metabolites to possibly define a pattern between this and other coral genera could give chemotaxonomic or evolutionary insight into octocoral species around the globe.
■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were measured using an AutoPol IV polarimeter at 589 nm. UV absorptions were measured by an Agilent Cary 60 UV−vis spectrophotometer; IR spectra were recorded with an Agilent Cary FTIR 630 spectrometer and a PerkinElmer Spectrum Two equipped with a UATR (single reflection diamond) sample introduction system. NMR spectra were recorded at 298 K on Varian Inova 400, Varian Direct Drive 500, or Varian Inova 600 MHz NMR spectrometers. Chemical shifts are reported with the use of the residual CDCl 3 signals (δ H 7.27 ppm; δ C 77.0 ppm) as internal standards for 1 H and 13 C NMR spectra, respectively. The 1 H and 13 C NMR assignments were supported by COSY, HSQC/HMQC, HMBC, and NOESY experiments. The highresolution electrospray ionization mass spectra were performed on an Agilent 6230 TOF LC/MS. Low-resolution electrospray ionization mass spectra were obtained on an Agilent 6120 Quadrupole LC/MS, and high-resolution electron ionization mass spectra were obtained on an Agilent 7890 GC/7200 MS QToF. Semipreparative and analytical HPLC was performed on a Shimadzu LC-20 AT system equipped with an evaporative light-scattering detector (ELSD) and an ultraviolet detector using a Luna silica column (5 μm, 250 × 10 mm) and a YMC C-18 column (10 μm, 150 × 4 mm). MPLC was performed on a Teledyne Isco CombiFlash Rf 200i equipped with an ELSD using a RediSep Rf silica 120 g flash column, and commercial silica gel 230− 400 mesh was used to load samples.
Biological Material. Plumarella delicatissima is a delicate featherlike coral that was collected at the Plateau of Fascination NE of the Falkland Islands (Islas Malvinas) (S 50°8.453′ W 55°28.106′) during the austral autumn in late April 2013. The specimens were collected from 800 to 950 m depth, frozen immediately upon collection, and maintained at −80°C until extraction. Subsamples from two specimens were extracted for DNA and had a portion of their mitochondrial genome amplified to confirm their identification. We used the primers ND42599F/mut3458R 21, 22 to produce msh1 (muts homologue) amplicons and outsourced these for sequencing. The resulting bidirectional sequences (MG603067, MG603068) were compared to other available Plumarella sequences in GenBank using a maximum likelihood analysis in RAxML.
23, 24 The tree topology was assessed using 10 runs of 100 thorough bootstrap replicates and shows our specimens fall into a clade with other P. delicatissima specimens ( Figure S31) .
Isolation of the Keikipukalides. Frozen P. delicatissima was freeze-dried, and 435.2 g of dry weight was extracted in refluxing CH 2 Cl 2 using a Soxhlet apparatus. After partitioning between H 2 O and CH 2 Cl 2 , 10.8 g of the concentrated CH 2 Cl 2 partition fraction was resuspended in CH 2 Cl 2 and dried onto silica gel for fractionation by MPLC on a Teledyne CombiFlash fitted with UV and ELS detection. Fractions F−H, eluting from MPLC using EtOAc/n-hexane (1:1) to EtOAc/n-hexane (8:1), displayed NMR signatures of diterpene metabolites and were selected for purification using NP and RP HPLC with UV and ELSD detection. Semipreparative normal-phase gradient HPLC on a Shimadzu 10A instrument, using n-hexanes to EtOAc/n-hexanes (3:1) over a 50 min gradient, yielded keikipukalides A and C from MPLC fraction F, keikipukalides B and D and pukalide aldehyde from MPLC fraction G, and keikipukalide E from MPLC fraction H. Keikipukalides A and B needed no further purification, while the others were further purified using RP HPLC in H 2 O and MeCN, yielding keikipukalides A (1, 12 mg) , B (2, 5 mg), C (3, 3 mg), D (4, 18 mg), and E (5, 48 mg), pukalide aldehyde (6, 4 mg), and ineleganolide (7, 3 mg .1600). X-ray Crystallography. Crystals of 1 and 5 were obtained from EtOAc/hexane and MeCN, respectively. The X-ray diffraction data for 1 and 5 were measured on a Bruker D8 Venture PHOTON 100 CMOS system equipped with a Cu Kα INCOATEC ImuS microfocus source (λ = 1.541 78 Å). Data integration and reduction were performed using SaintPlus 6.01. 25 Absorption correction was performed by the multiscan method implemented in SADABS. 26 Space groups were determined using XPREP implemented in APEX3. 27 Structures were solved using SHELXT and refined using SHELXL-2014 28−30 (full-matrix least-squares on F 2 ) through the OLEX2 interface program. 31 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms of −CH, −CH 2 , and −CH 3 groups were placed in geometrically calculated positions and were included in the refinement process using a riding model with isotropic thermal parameters U iso (H) = 1.2(1.5)U eq (−CH, −CH 2 , (−CH 3 )). The absolute configuration for each compound has been established based on the Flack parameter value and verified additionally with Bijvoet-pair analysis and Bayesian statistics methods. 32, 33 P2 ≈ 1 for all cases and is the probability that the current model is correct assuming two possibilities: one out of two enantiomers present. Crystal data and refinement conditions are shown in Tables S1−S4. Crystallographic data for the structures reported in this were then added to the plate at a ratio of 10:1 and incubated at 37°C, 5% CO 2 for 24 h. The excess extracellular amastigotes were then washed away using prewarmed media. Compounds were prepared in a 384-well plate (Thermo Scientific Nunc 384-well clear polystyrene plates (nontreated surfaces)) with a starting concentration of 10 μg/mL and serially diluted at 1:2. Drugs were then added to the assay plate and incubated at 37°C, 5% CO 2 for 72 h. Cells were then fixed with 2% paraformaldehyde (Alfa Aesar paraformaldehyde, 16% /v aqueous solution, MeOH-free) and incubated for 15 min at rt, then stained with 5 μM Draq5 (Thermo Scientific DRAQ5 fluorescent probe) and incubated for 5 min at rt. A PerkinElmer Operetta (high-content imager) was used to capture images for each well and find macrophage and amastigote nuclei within macrophage cytoplasm using Harmoney software that counts the number of amastigotes per 500 macrophages in each well and generates IC 50 values.
Cytotoxicity Assay. Cytotoxicity was determined by using the CellTiter 96 AQueous One Solution cell proliferation assay (Promega) on A549, human lung carcinoma, cells. A549 cells were seeded at a concentration of 1.6 × 104 cells/mL (1440 cell/well) in a 96-well tissue culture plate (Corning), in the presence of serially diluted pure compounds previously identified to be active. Positive control wells contained cells and media, and negative control wells contained media alone. Cells were grown in F12K medium supplemented with 10% fetal bovine serum and 1% penicillin−streptomycin (all supplied from Fisher Scientific). The final inhibitor concentration started at 50 μg/ mL and was diluted in doubling dilutions to determine cytotoxicity. The total volume of each well was 100 μL, and plates were incubated at 37°C, 5% CO 2 for 72 h. Each well received 20 μL of MTS (Promega) 4 h before the final time-point. Inhibition of A549 growth was assessed at the 72 h time-point measuring the OD values determined at 490 nm using a SpectraMax i3X (Molecular Devices). Curve fitting using nonlinear regression was carried out using DataAspects Plate Manager analysis software to obtain IC 50 values.
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